Introduction
The initial auditory circuits in the mammalian brainstem contain extraordinarily large synapses (. Fig. 1 ). These giant synapses are regarded as a cellular adaptation to fast and temporally precise information transfer. In fact, the auditory system is characterized by tremendously high temporal precision. This precision is particularly relevant in sound localization, a mechanism in which interaural signal differences are used by the central nervous system to calculate the direction from which a sound source is perceived [7, 17] . Humans can detect interaural time differences in the arrival of acoustic signals with a precision of a few microseconds. Another example is the processing of a number of communication sounds that represent a highly sophisticated auditory stimulus whose dynamic changes in frequency content performed in milliseconds carry information and meaning. The present review elucidates how these giant synapses manage to provide the temporal precision required by, and central to, the auditory system. A definition of giant synapses based on their anatomical properties, their characteristic feature being an extensive axosomatic contact site is offered. A terminal of the synapse-forming axon, or an axon collateral forming several somatic contact sites, wrap around the postsynaptic soma (. Fig. 1 ). In so doing, all of these giant synapses have in common that numerous release zones are found adjacent to one single postsynaptic compartment, the soma. This type of giant synapse was described for the auditory brainstem as early as 1893 by Held working at the Anatomical Institute of Leipzig University [8] . The number of release zones ranges between several hundred in the calyx of Held [14, 16] and several dozen in an endbulb of Held. The specific presynaptic structure of these giant synapses may vary. In juvenile animals, axosomatic contacts may consist of a single presynaptic zone that is almost closed. In adult animals, this presynaptic area may be fenestrated to varying extents and split up into distinct contacts at the soma. Hence, an anatomical definition of the giant synapse is, above all, based on the number of release zones and their somatic localization. In the present context, large synaptic complexes with contact sites spread along the dendrites (such as retinothalamic relay synapses or hippocampal mossy fibers) are disregarded, as are axosomatic giant synapses in other parts of the brain, e.g. those found in the avian ciliary ganglion. Moreover, our definition of giant synapses occurring in the central auditory pathway is limited to synaptic morphology, rather than being based on their functional features such as strength of synaptic currents, effectiveness of synaptic transmission, or integration. However, results from in vitro measurements demonstrate that giant synapses have a functional feature in common: not only are their synaptic currents quite large, they are also characterized by similarly fast rise and decay times. The functional time window of these synapses, when most of postsynaptic conductance is activated, is usually as short as 500 μs. One should mention that, as a rule, AMPA receptor glutamatergic synaptic conductance consists of a fast and a slow component. Within 500 μs, the fast component of synaptic conductance is activated and then deactivated. As the fast component dominates total conductance by up to 90%, this component is regarded as the functionally relevant key element in synaptic transmission.
Giant synapses in the auditory pathway
The type of transmission described above as being fast, strong, glutamatergic, and directed towards the postsynaptic soma, occurs in a minimum of four different nuclei in the auditory brainstem (. Fig. 1 ). (1) Socalled endbulbs of Held, which are formed by auditory nerve fibers, are found in the anterior ventral cochlear nucleus (AVCN). Apart from the classic, large endbulbs of Held found on spherical bushy cells (BC), there are also smaller, so-called modified endbulbs of Held on globular BC in this nucleus. Only a few (1-5) classic endbulbs of Held target one single spherical BC, whereas a greater number of smaller, modified endbulbs (approximately 50) target each globular BC. (2) The medial nucleus of the trapezoid body (MNTB), a nucleus in the superior olivary complex (SOC), harbors calyces of Held, regarded as the largest giant synapses in the auditory system. They often cover more than half of the somatic surface of the postsynaptic neuron. This synapse is noteworthy for the fact that only one postsynaptic MNTB neuron targets one giant synapse, anatomically speaking, a one-to-one connection. (3) Large somatic synapses are also found in the lateral nucleus of the trapezoid body (LNTB) in the SOC. The anatomical size of these giant synapses appears to equal that of the end-bulbs of Held; however, their number of active zones has not yet been determined. Both types of giant synapse located in the SOC are presumed to emerge from BC axons. At single cell level, the exact and complete circuitry pattern also remains unclear. (4) Moreover, there are giant synapses in the ventral nucleus of the lateral lemniscus (VNLL), originating from cells in the octopus cell region, which is part of the posterior ventral cochlear nucleus (PVCN). The giant synapses in the VNLL are likely to make a varying number of contacts ranging from the extreme case of a one-to-one connection to several modified endbulbs targeting each presynaptic cell. As the octopus-VNLL-inferior colliculus circuit is responsive to monaural stimulation and efficiently responds to strong transients, i.e., clicks or abrupt changes in intensity, one may assume it plays an essential role in speech processing.
Transient activation occurs not only in the octopus-VNLL circuit; it is also present in sound localization circuits. Natural sounds generally excite our attention at the onset of stimulation. Furthermore, the . Excitatory (red) BC project to the superior olivary complex (SOC). The calyx of Held is located in the medial nucleus of the trapezoid body (MNTB). Inhibitory MNTB neurons (blue) project, for instance, to the lateral superior olive (LSO) and the medial superior olive (MSO). Somatic synapses of similar size, projecting at least to the MSO, are also found in the inhibitory lateral nucleus of the trapezoid body (LNTB). The second circuit that contains giant synapses originates from the octopus cell region in the posterior ventral cochlear nucleus (PVCN), with axons projecting to the ventral nucleus of the lateral lemniscus (VNLL) and forming somatic giant synapses on globular neurons. The lateral lemniscus is innervated in a ventral-to-dorsal direction (DNLL: dorsal nucleus of the lateral lemniscus) by inhibitory VNLL neurons reaching as far as the inferior colliculus (IC). b A somatic giant synapse. The presynaptic nerve endings synapse with the postsynaptic soma; they contain numerous active zones for neurotransmitter release. c [1] [2] [3] [4] Immunohistochemical analysis reveals large somatic presynaptic contact sites in the AVCN, MNTB, LNTB, and VNLL, which can be visualized using synaptic vesicle protein 2 (SV2) labeling. The somata and dendrites in the AVCN, MNTB, and VNLL have been marked using microtubule-associated protein 2 (MAP-2), whereas LNTB somata and dendrites have been marked using calretinin location of sound sources is subject to spatial fluctuation due to object and listener movements. Therefore, one may assume that the initial phases of sound perception are decisive for sensory processing. As the giant synapses are highly likely to transmit the onset of stimulation in vivo (auditory transfer) as well as in vitro (stimulation of afferent fiber), the relevant part of the information is reliably transmitted. Apart from reliability, the temporal interaction between excitatory and inhibitory inputs in the auditory brainstem seems to be highly relevant. Also in this context, giant synapses have an essential part to play. Three out of four auditory giant synapses (in the MNTB, LNTB, and VNLL) convert excitation to inhibition, the reason being that the postsynaptic cells in the trapezoid body and in the lemniscus are glycinergic and, therefore, inhibitory. Temporally precise reversal at these fast-acting giant synapses contributes to inhibitory signals reaching the target cell at a precisely defined instant. By this process, inhibition occurs either before, or at least concomitant with, excitation in the target neuron. This is the only way that the integration of excitatory and inhibitory inputs is exact to the micro-or millisecond, as is the case in the medial and lateral superior olive (MSO and LSO) and the inferior colliculus. SOC nuclei are known to provide temporally precise integration of excitatory and inhibitory inputs that play an essential role in directional hearing. In MSO neurons, inhibition generated with temporal precision by the MNTB interacts with excitatory inputs to narrow the integration time slot such that the cell-intrinsic temporal precision required is actually produced. In LSO, the inhibitory effect of MNTB neurons results in temporally matched weighting of excitatory and inhibitory inputs. Hence, temporal precision of transmission at these giant synapses, which is prevalent at the onset of sound stimulation, seems to be central to the functioning of the auditory pathway. This will be further elucidated below.
Temporal precision in the auditory system
The neuronal structures and functions in the auditory pathway have undergone extensive adaptation in terms of temporal precision. In this review, we will first take a closer look at the concept of temporal precision as it is applied when referring to the auditory system.
The most elementary and extreme case of the giant synapses is represented by a morphological one-to-one connection generating a one-to-one transfer of action potentials, for instance, in the calyx of Held found in the MNTB. In this case, one single presynaptic neuron generates sufficient synaptic excitation to trigger an action potential on the postsynaptic side. Temporal precision results from precision fine-tuning of intracellular processes in the interaction between presynaptic action potential and transmitter release, the time course of postsynaptic currents and the resulting membrane charging. In other cases, especially in smaller endbulb synapses, the postsynaptic voltage response reaches action potential threshold when several presynaptic fibers are coactivated with temporal precision. In this process, the postsynaptic neurons seem to act as synaptic coincidence detector [3] . These two examples illustrate the fact that, even when considered at the cellular level, the four types of giant synapse are not necessarily functionally identical.
It should be noted that the term temporal precision is used in different ways (. Fig. 2 ). On the one hand, temporal precision refers to cell-intrinsic integration, where high temporal precision is achieved by processing input signals in the neuron itself. We will therefore refer to it as cell-intrinsic precision. On the other hand, temporal precision is used when referring to the time at which the action potential occurs in relation to the auditory stimulation. In this context, it is important to find out when an action potential is triggered in relation to the stimulus, and how it is precisely transmitted inside these circuits with a view to maintaining intercellular precision.
Cell-intrinsic precision
To exemplify the different use of temporal precision, we will first illustrate cellintrinsic precision. Cell-intrinsic precision is specifically prevalent in PVCN octopus cells and in SOC MSO cells.
A striking feature is that both cell types have developed similar biophysical adaptation. The 5-10 MΩ input resistance is more than ten times lower than is usual in other central neurons. The low input resistance is achieved as voltage-activated channels are open even at resting potential [6] . In this context, in particular, the hyperpolarization-activated cation channels (I h ) and low-voltage-activated potassium channels of the K v1.x family play an essential role. This activation at rest causes the membrane time constant to be in the sub-millisecond range (τ membrane =R input ×C compartment capacitance ), permitting rapid membrane potential changes. Moreover, both cell types have simple and relatively thick dendrites. The short membrane time constants and the fast voltage singling in these cells are regarded as the requirement for extremely fast postsynaptic integration, which re-sults in the exquisite temporal intrinsic precision of these cells. The rapid membrane time constant causes the postsynaptic membrane potential to tightly follow the synaptic currents with sharp rising and falling phases. This means that short synaptic signals are subject to little temporal summation. Effective summation is furthermore inhibited by the rapid and intense activation of low-voltageactivated potassium channels.
Octopus cells encode the arrival of transient click sounds, i.e., sounds that occur, for instance, upon the sudden onset of a sound, e.g., when a branch of a tree breaks or communication sounds are produced. A feature common to this type of sound is that they contain acoustic energy spread over a wide frequency range. Octopus cells receive a large number of synaptic contacts from auditory nerve fibers originating in different regions of the inner ear representing a variety of frequencies. However, the signal arriving at an octopus cell at every individual synaptic contact is weak, i.e., clearly below threshold. Only synchronous activity of several auditory nerve fibers (approximately 20) triggers a response in the octopus cell [13] . The time window for incoming signals to stimulate an octopus cell in an ideal manner is very short (>1 ms), with the topographic arrangement of synaptic inputs on dendrites of octopus cells coordinated such that dendritic traveling wave delays are optimally matched to input frequency ranges [11] . The octopus cell therefore provides high precision when assessing coincidence of incoming signals [6] .
MSO neurons encode the relative time delay between the signals from each of the two ears [1, 7] . To be able to do so, MSO neurons receive excitatory input from BCs in the AVCN of each side of the brainstem as well as inhibitory input from the MNTB and LNTB. In the process, cell-intrinsic interaction between excitatory and inhibitory inputs narrows the excitatory time window on the one hand, while shifting the peak timing of excitation on the other. This shift in intrinsic peak timing improves precision and modulates interaural time differences in a physiologically relevant range [12] . This type of cell- ) and inhibitory (blue) inputs. e Integration of excitatory (red) and inhibitory (blue) inputs generates a compound action potential (black). Depending on the temporal sequence of inputs, the compound action potential becomes narrower and its peak shifts in time. In the process, the excitatory input remains steady at 0 ms, while the inhibitory input is shifted in temporal relation. f Temporal shift of the peak of the compound action potential of synaptic inputs as a function of the temporal sequence of excitatory and inhibitory inputs. (Figure parts d , e, and f adapted from Myoga et al. [12] ) intrinsic precision compensates for interaural time delays on a microsecond timescale. Based on exquisite cell-intrinsic temporal resolution, a rate code describing sound direction as a population response is generated.
Intercellular precision
A distinction needs to be made between cell-intrinsic precision described above and systemic intercellular precision, which serves to maintain the temporal position of an action potential in relation to auditory stimulation (. Fig. 2) . Owing to the function of inner ear hair cells, the relative timing of action potentials in auditory nerve fibers is not arbitrary. On the contrary, it is directly linked to the phase of excitatory sound waves. In response to sound vibrations that cause deflections of hair bundles in one direction, cochlear inner hair cells show increased excitation; as soon as they are deflected in the other direction, they exhibit lower excitation [4] . The action potentials generated in the efferent auditory nerve fibers are linked to the phase of basilar membrane vibration in the cochlea caused by the acoustic signal. Accordingly, time intervals between the action potentials are integer multiples of the duration of a basilar membrane vibration period. This mechanism is quantifiable when considering the frequency of occurrence of action potentials in the auditory nerve fiber in relation to the phase of vibration [15] , a process known as phase coupling (. Fig. 2 ). Phase coupling may be maintained for frequencies up to approximately 3 kHz, where the period of vibration is as short as approximately 300 μs, making it almost equivalent to the duration of encoded action potentials. In the auditory brainstem, extremely short action potentials (180-300 μs) permit very precise, synchronous synaptic transmission due to the presynaptic calcium influx required for calcium channel inhibition being limited to a very short current pulse (~200 μs). However, information on the phase position of the action potential is necessary to trigger comparison of interaural time differences for steady-state sounds as described above for MSO neurons [5] . This means, however, that the relative temporal position of the action potentials must be preserved during transmission to downstream neurons. As the processes associated with synaptic transmission are subject to stochastic fluctuations, each presynaptic action potential is transmitted to the postsynaptic cell with a minimal time delay caused by synaptic transmission plus random temporal jitter. If random temporal jitter equals the vibration period of the acoustic signal, fixed encoding for the phase position of acoustic vibration is no longer possible and results in lack of precision required for sound localization. Thus, it is required to minimize temporal jitter in information transfer. AVCN BCs are targeted by only a small number of auditory nerve fibers. However, unlike in auditory nerve fibers, phase coupling is retained in BC, or, due to inhibitory mechanisms preventing the conductance of action potentials with temporal jitter, is on average even more precise than in auditory nerve axons [9] . Owing to just one BC axon targeting an MNTB neuron, phase coupling is also faithfully transmitted to the downstream MNTB neurons [10] . In the examples just given, temporal precision focuses on accurate transmission of excitation to downstream neurons, without introducing random, stochastic delays or fluctuations that would render sound localization imprecise or altogether impossible. This requires a synaptic configuration that lends itself to efficient and reliable transmission of action potentials, as is the case when large and rapidly increasing postsynaptic currents with severe temporal limitation are generated. This mechanism guarantees that the downstream neuron is rapidly excited above its firing threshold. On the one hand, this is achieved in that the action potential concomitantly triggers transmitter release in as many synaptic active zones as possible. On the other hand, benefit is derived from spatial, electrical proximity to the action potential initiation site [2] , as the postsynaptic potentials electrotonically spread along the neuronal membrane while being subject to attenuation and filtering. We may therefore stipulate that a synaptic configuration exhibiting particular temporal precision must activate as many active zones and in as close proximity to the postsynaptic axonal action potential initiation site as possible. The giant synapses found in the auditory pathway comply with these requirements. What is worth noting here is that, evidently, such extreme synaptic specializations have been developed during evolution only for this type of intercellular precision.
Benefits of giant synapses in intercellular precision
The question arises as to why giant synapses have developed in these auditory nuclei considering the fact that their cellular functioning is not even identical, as these systems produce diverging convergence. Put differently: what benefit can be derived from a giant synapse and why are such inputs not integrated via dendrites? After all, dendritic integration also has the power of being extremely fast and precise, as seen in octopus cells and MSO neurons. It is essential to explore this question in the functional context of reliable transmission.
Homogeneity of the synaptic compartment
One of the benefits resulting in rapid and precise transmission might be derived from the concentration of contact sites between the pre-and postsynaptic neurons on one single postsynaptic compartment, in this case the soma. This mechanism directs synaptic transmission toward one biologically homogeneous postsynaptic compartment, increasing homogeneity of synaptic transmission. Greater homogeneity is less susceptible to prolonged synaptic conductance resulting from divergent biochemical states. Whereas heterogeneity may be caused by membrane potential differences of individual compartments, one single, larger compartment offers the benefit of increased isopotentiality, meaning that at such giant synapses, the postsynaptic resting potential at each of the contact sites for synaptic transmission exhibits greater homogeneity than in an elaborate dendritic arbor. Hence, individual receptor responses due to changes in conductance are harmonized. To summarize, one single, large postsynaptic compartment permits a physiologically homogeneous postsynaptic response. Homogeneity of postsynaptic response is less susceptible to temporal jitter, which is a distinct benefit in temporally precise information transfer which relies on little cell-intrinsic integration.
Identical quality of information content
In the four types of auditory giant synapse discussed here, transmission of information is based on largely well-defined upstream information of identical quality. Hence, transmission is performed without multimodal integration. As far as the structures of the auditory brainstem under consideration are concerned, this also means that initially, only the intensity and the frequency content of the acoustic signal are processed. In the above examples, the encoded frequency information is either preserved via the synapse (AVCN, MNTB, LNTB), or the information content covering a wide frequency range (broadband information) is already available, as in the VNLL. At these transfer sites, the need to perform quantitative or qualitative integration is therefore strongly reduced. As these synapses do not seem to fulfill any integration tasks of major significance, distributing inputs on individual compartments to assign divergent and variable levels of weighting to them does not offer any benefit. However, these synapses are not rigid, wired-up relays. Due to a great variety of receptors, neuromodulation occurs which seems to play a role in frequency tuning as well as in dynamic adaptation to different levels of sound intensity. However, such cellular processes of adaptation are distinguished from the integration of divergent sensory qualities.
Reduced integrative jitter
Another benefit of a single compartment with regard to temporally precise information transfer is the fact that morphological features of the targeted postsynaptic site are less likely to supporting additional jitter. The anatomical arrangement prevents dendritic filtering of inputs to be integrated. Furthermore, the temporal coordination of synaptic conductance and membrane time constant seems to play an essential role in temporal precision. At least the fast component of AMPA receptormediated synaptic conductance (500 μs) in these cells, which provides the strongest initial charge, is considerably faster than the membrane time constant (5 ms). This temporal set-up guarantees that the postsynaptic voltage response generated by synaptic conductance is mainly picked up by compartment capacitance. Thus, the EPSP, at least EPSP slope and amplitude, is controlled by cellular capacitance. In this scenario, the influence of membrane resistance is low (with the influence of membrane resistance reaching its maximum during equilibrium). As membrane resistance has little influence on postsynaptic integration generating action potentials, temporal variability in generating an action potential (integrative jitter) is reduced, resulting in improved temporal precision of synaptic information transfer above threshold. For primary information transfer, the reasons illustrated above permit these cells to give the soma as a contact site and single postsynaptic compartment preference over the dendrite.
Coincidence of a small number of large synapses
The mechanisms aimed at improving precision are certainly particularly effective in the largest of the giant synapses, the calyx of Held, as its fast component is sufficient to trigger a postsynaptic action potential. How come then that in the three other types of the four giant synapses input convergence is observed? Another question arises regarding giant synapses such as endbulbs of Held, where several converging inputs must be activated simultaneously to trigger an action potential: how is synaptic coincidence detection with little temporal variability and/or delay effected? In these cases, the interaction between the slow and the fast AMPA components as well as the coordination of synaptic conductance and membrane time constant may guarantee temporally precise information transfer. It will be interesting to investigate the role of the slow AMPA receptor-mediated component of synaptic conductance in these cellular systems. Giant synapses, where no instantaneous transmission of information above threshold occurs, exhibit strong depolarization caused by the fast initial AMPA component. The slow AMPA component of the first input may cause the level of depolarization to be maintained. This has two consequences: (1) As in other accumulating inputs, only a somewhat smaller input is necessary to exceed the threshold to trigger an action potential. Moreover, the time required for the second, accumulating input to reach the threshold is shorter since the difference in voltage to threshold is smaller. (2) Due to strong depolarization, the fast AMPA component usually activates potassium channels, lowering the membrane time constant. This interference with the membrane time constant "speeds up" the cells, thereby shortening their integration time, and thus making information transfer more precise. This leads to an increase in cell-intrinsic precision similar to octopus and MSO neurons, as illustrated above. Convergence of large synapses, therefore, might permit extremely accurate synaptic coincidence detection that does not rely on the integration of qualitatively different inputs. The reason for the observed convergence may be the suppression of false-positive information as transmission of supra-threshold information is not supported by spontaneous activity. This mechanism causes information content to faithfully correspond to adequate stimulation, while exhibiting only a minimum of temporal jitter. As the non-converging calyx of Held in the MNTB is located directly downstream from the converging AVCN giant synapses, this safety function can apparently be dispensed with.
Conclusion
When studying the functions of neuronal systems in the auditory brainstem, such as sound localization, giant synapses have the following characteristics: (1) They maintain temporal precision, which is an indispensable requirement for the detection of interaural time differences in the SOC on a microsecond timescale. The complex mechanism behind accurate fine-tuning involving synaptic transmission, postsynaptic integration, as well as axon length and diameter still remains unclear. (2) They guarantee reliable synaptic transmission during the onset of stimulation, which is systemically relevant. This reliability combined with temporal precision results in obligatory, temporally accurate inhibition effective in downstream centers critical to the process of integration. (3) Owing to somatic coincidence detection, these giant synapses transmit relevant information only, filtering out any spontaneous signals that are usually irrelevant. To bring this function to perfection, fast somatic giant synapses seem to represent optimal cellular adaptation.
